We present our study on atomic, electronic, magnetic and phonon properties of one dimensional honeycomb structure of molybdenum disulfide (MoS 2 ) using first-principles plane 
Introduction
Unique honeycomb orbital symmetry underlies the unusual properties of two dimensional (2D) single hexagonal structures, such as graphene, [1] [2] [3] silicene and group III-IV binary compounds. 4 Moreover, quasi 1D nanoribbons and flakes of these 2D layers have added interesting electronic and magnetic properties, which are expected to give rise to important future applications in nanotechnology. [5] [6] [7] [8] [9] Recently, 2D suspended single layer molybdenum disulfide, MoS 2 sheets with honeycomb structure have been produced. 10, 11 Single layer MoS 2 nanocrystals of ∼ 30 Å width were also synthesized on the Au(111) surface and its direct real space STM have been reported. 12 Unlike graphite and hexagonal BN, the layers of MoS 2 are made of hexagons with Mo and S 2 atoms situated at alternating corners. Apparently, 3D graphitic bulk structure called 2H-MoS 2 , 2D single layer called 1H-MoS 2 , quasi 1D nanotubes 13 and nanoribbons of MoS 2 share the honeycomb structure and are expected to display interesting dimensionality effects.
Properties of MoS 2 nanocrystals are explored in diverse fields, such as nanotribology, 14, 15 hydrogen production, 16, 17 hydrodesulfurization catalyst used for removing sulfur compounds from oil, [18] [19] [20] [21] [22] [23] [24] solar cells, 25 photocatalysis. 26 Triangular MoS 2 nanocrystals were obtained as a function of size by using atom-resolved scanning tunneling microscopy. 27 Photoluminescence emerging from 1H-MoS 2 was observed. 28 Superlow friction between surfaces coated with 1H-MoS 2 has been measured much recently. 15 Using electrochemical methods micro and nanoribbons have been synthesized from crystalline 2H-MoS 2 . 29 Various properties of 2H-MoS 2 (see Ref.
[ [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] ), 1H-MoS 2 (see Ref. [ 13, 44, [46] [47] [48] [49] [50] ) and its nanoribbons (see Ref. [ 44, 48 ] ) have been an active subject of theoretical studies.
In this paper, we present our systematic theoretical investigation of optimized atomic structure and phonon spectrum, mechanical, electronic, magnetic properties of armchair (A- Since recent works 15, 17, 51 show that single layer MoS 2 flakes as large as 200 µm 2 can now be produced and also can be characterized, present results are crucial for further research on MoS 2 nanoribbons.
Method
Our results are based on first-principles plane wave calculations within density functional theory (DFT) using projector augmented wave (PAW) potentials. 52 The exchange correlation potential is approximated by generalized gradient approximation (GGA) using PW91 53 functional both for spin-polarized and spin-unpolarized cases. All structures are treated using the periodic boundary conditions. Kinetic energy cutoff, Brillouin zone (BZ) sampling are determined after extensive convergence analysis. A large spacing of ∼ 10 Å between the S planes of two MoS 2 layer are taken to prevent interactions. A plane-wave basis set with kinetic energy cutoff of 600 eV is used. In the self-consistent field potential and total energy calculations BZ is sampled by special k-points by using Monkhorst-Pack scheme. 54 For nanoribbons, BZ is sampled by 1x1x9 k-points.
All atomic positions and lattice constants are optimized by using the conjugate gradient method, where the total energy and atomic forces are minimized. The convergence for energy is chosen as 10 −5 eV between two consecutive steps, and the maximum Hellmann-Feynman forces acting on each atom is less than 0.05 eV/Å upon ionic relaxation. The pressure in the unit cell is kept below 1 kBar. The phonon dispersion curves are calculated along symmetry directions of BZ within density functional theory using Small Displacement Method (SDM). 55 Numerical calculations have been performed by using VASP. 56, 57 Bader analysis is used for calculating the charge on adatoms. 58 
Properties of Two Dimensional MoS 2
For the sake of comparison we first present a brief discussion of the properties of 2D 1H-MoS 2 calculated with the same parameters used for quasi 1D nanoribbons. Single layer MoS 2 structure consists of monatomic Mo plane having a 2D hexagonal lattice, which is sandwiched between two monatomic S planes having the same 2D hexagonal lattice. Mo and S 2 occupy alternating corners of hexagons of honeycomb structure. The contour plots of calculated charge density and difference charge density isosurfaces clarify the charge distribution in layers of MoS 2 structure. Electronic charge transferred from Mo to S atoms gives rise to an excess charge of 0.205 electrons around each S atom. 59, 60 This situation implies that 1H-MoS 2 
1D MoS 2 Nanoribbons
Two dimensional 1H-MoS 2 can maintain its physical properties, when its size is large. However a small flake or a ribbon can display rather different electronic and magnetic properties. In particular, edge atoms may influence the physical properties. The passivation of edge atoms by hydrogen atoms also result in significant changes in the properties of the nanoribbons. In this respect, one expects that the armchair (A-MoS 2 NR) or zigzag (Z-MoS 2 NR) nanoribbons of 1H-MoS 2 can display even more interesting electronic and magnetic properties.
We consider bare, as well as hydrogen saturated armchair and zigzag nanoribbons. To allow more variational freedom and reconstruction, segments of these NRs are treated within supercell geometry using periodic boundary conditions and spin-polarized calculations are carried out. Each supercell, both having total of 108 atoms, contains three unit cells for armchair and six unit cells for zigzag nanoribbons, respectively. The stretching of the ribbon is achieved by increasing the equilibrium lattice constant c 0 by ∆c, to attain the axial strain ε = ∆c/c 0 . We optimized the atomic structure at each increment of the strain, ∆ε =0.01 and calculated the total energy under strain E T (ε). Then the strain energy can be given by,
namely, the total energy at a given strain ε minus the total energy at zero strain. The tension force,
/∂ c and the force constant κ = ∂ 2 E S /∂ c 2 are obtained from the strain energy.
Owing to ambiguities in defining the Young's modulus of honeycomb structures, one can use in-
in terms of the equilibrium area of the supercell, A 0 . 71, 72 The in-plane stiffness can be deduced from κ by defining an effective width for the ribbon.
For both A-and Z-MoS 2 NR the hexagonal symmetry is disturbed, but overall honeycomb like structure is maintained in the elastic range. However, stretched ribbons can return to its original geometry when the tension is released. In the harmonic range the force constant is calculated to be κ= be noted that κ is approximately proportional to n, but C is independent of n for large n. Small deviations arise from the edge effects.
For applied strains in the plastic deformation range the atomic structure of the ribbon undergoes irreversible structural changes, whereby uniform honeycomb structure is destroyed. At the first yielding point the strain energy drops suddenly, where the ribbons undergo an irreversible structural transformation. Beyond the yielding point the ribbons are recovered and started to deform elastically until next yielding. Thus, variation of the total energy and atomic structure with stretching of nanoribbons exhibit sequential elastic and yielding stages.
Electronic and magnetic properties
Similar to the single layer 1H-MoS 2 , its armchair nanoribbons (A-MoS 2 NR) are also semiconductors. The bare A-MoS 2 NR is a nonmagnetic, direct band gap semiconductor. Upon hydrogen termination of the edges, the band gap increases. Also the direct band gap shows variation with n, like the family behavior of graphene nanoribbons. However, unlike armchair graphene nanoribbons, 73 the band gaps of A-MoS 2 NR's do not vary significantly with its width w or n. For narrow armchair nanoribbons with n < 7 the calculated value of the band gap is larger than that of wide nanoribbons due to quantum confinement effect. The variation of E g with n is in agreement with that calculated by Li et.al. 48 The electronic band structure and charge density of specific states are examined in detail for a to quantum confinement effect, but for n ≥ 7 they tend to oscillate showing a family like behavior.
These oscillations follow those found for bare armchair nanoribbon. 48 All calculated A-MoS 2 NR are found to be direct band gap semiconductors. In contrast to A-MoS 2 NR, the bare zigzag nanoribbons Z-MoS 2 NR are spin-polarized metals.
Here we consider Z-MoS 2 NR with n=6 as a prototype. In [figure] [4] []4, it is shown that the edge atoms of this nanoribbon undergo a (2 × 1) reconstruction by lowering its total energy by 0.75 eV. Interestingly, as a result of reconstruction, the bare Z-MoS 2 NR is a half-metal with integer magnetic moment per primitive cell, namely µ=2 µ B . Thus the nanoribbon is metallic for majority (spin-up) bands, but a semiconductor for minority (spin-down) bands with an indirect band gap of ∼ 0.50 eV. We check that half-metallic state of bare Z-MoS 2 NR's is maintained for n=5, and n=8. Half-metals are interesting spintronic materials and were revealed first in 3D crystals. 74 Lately, various nanostructures, such as Si nanowires 75 and atomic chains of carbon-transition metals compounds 76 
Impurities and Defects in MoS 2 Nanoribbons
Interesting properties of MoS 2 nanoribbons revealed above can be modified through adatom adsorption (or doping) and vacancy defect creation. Earlier, Huang and Cho 42 investigated the adsorption of CO on a pure 1H-MoS 2 surface by using DFT. Similarly, aromatic and conjugated compounds on MoS 2 are also studied. 43 Similar to graphene 7, [77] [78] [79] [80] [81] [82] [83] [84] [85] and its nanoribbons, [85] [86] [87] [88] not only adatoms, but also vacancy defects created can led to crucial effects.
Here we consider again our prototype armchair nanoribbon and investigate the adsorption of C, O and Co. C is widely investigated in other honeycomb structures; the adsorption O is expected to result in important changes due to its high electronegativity. On the other hand, Co being a transition metal atom is expected to attribute magnetic properties. In the supercell geometry, a single adatom is adsorbed at every three unit cells, which leads to the adatom-adatom -dark) , purple (medium-gray) and yellow (small-light) balls, respectively. Side view clarifies the height of adatoms from Mo and S atomic planes. In each possible adsorption geometry, the entry on the lower-left part indicates where the adatom is initially placed. All sites show geometries associated with the adsorption to a bare armchair (n=12) nanoribbon (NR). The calculations are carried out in the supercell geometry where a single adatom is adsorbed at every three unit cells. The total number of atoms in the supercell is 109. Possible adsorption geometries in NR IE (adatom is initially placed at the inner edge of bare armchair NR) and NR OE (adatom is initially placed at the outer edge of bare armchair NR). Adatoms indicated at lower right part of every possible adsorption geometry correspond to those, which are relaxed to this particular geometry upon structure optimization. 
Vacancy Defects in MoS 2 NR
We investigated five different types of vacancy defects, namely Mo-, S-vacancy, MoS-, S 2 -divacancy and MoS 2 -triple vacancy, which are formed near the center of hydrogen passivated armchair (n = 12) and zigzag (n = 6) nanoribbons. All structures are optimized after the creation of each type of vacancy. Vacancy energies E V , are calculated by subtracting the sum of the total energy of a structure having a particular vacancy type and the total energy(ies) of missing atoms in the vacancy defect from the total energy of the perfect structure (without vacancy 
Discussion and Conclusions
The phonon dispersion of bare A-MoS 2 NR with n = 12 is calculated and stability of nanoribbons are ensured. Armchair nanoribbons are nonmagnetic direct band gap semiconductors; their energy band gaps vary with its width and termination of edge atoms with hydrogen, whereas zigzag nanoribbons are found to be ferromagnetic metals. The bare zigzag nanoribbon is found to be a half-metal. Both nanoribbons are stiff materials, but their in-plane stiffness are calculated to be less than half of those of graphene and BN.
The adsorption of adatoms and creation of vacancy defects in MoS 2 nanoribbons have crucial effects in the electronic and magnetic properties. We found that several adatoms can be adsorbed readily at diverse sites with significant binding energy. In this respect, MoS 2 appears to be a material, which is suitable for functionalization. Similarly, net magnetic moment can be achieved through the adsorption of Co adatoms to the nonmagnetic armchair nanoribbons. In addition to spin-polarization, significant charges are transferred to (or from) adatom. 
